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COMPOSITE CONDUCTING POLYMER
FILMS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 62/165,379, filed May 22, 2015, which 1s
hereby incorporated by reference herein in its entirety.

BACKGROUND

Conducting polymers have been used to create humidity
sensors. For example, Ma et al. have recently shown rapid
and continuous expansion and contraction of a polypyrrole
(PPY) film contaiming polyol-borate when the film 1s
exposed to humid air. The PPY film 1s electrochemically
developed 1n the presence of polyol(pentaerythritol ethoxy-
late)-borate complex with the PPY monomer (i.e., the pyr-
role monomer). Later, the composite PPY-polyol-borate was
clectrochemically reduced (1.e., undoped). In addition, Oku-
zaki et al. have recently shown bending of PPY films
synthesized 1n non-aqueous media having dopants, such as
perchlorate and tetratluoroborate ions, when the film 1s
exposed to humid air.

While these films may be viable for use 1n developing
humidity sensors, the methods used to create them are
disadvantageous. For example, the fabrication process used
by Ma et al. 1s relatively dithicult and requires undoping, and
Okuzaki et al.”’s process requires the use of non-aqueous
solvents. It can therefore be appreciated that 1t would be
desirable to have alternative conducting polymer films, as
well as alternative methods for making them.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure may be better understood with
reference to the {following figures. Matching reference
numerals designate corresponding parts throughout the fig-
ures, which are not necessarily drawn to scale.

FIGS. 1A-1C list multiple water-soluble polyanmions that
can be combined with a conducting polymer, such as poly-
pyrrole (PPY), to form composite conducting polymer films.

FIG. 2 comprises images of multiple example composite
PPY films that were synthesized.

FIG. 3 comprises scanning electron microscope (SEM)
images of multiple example composite PPY films that were
synthesized.

FIG. 4 1s a graph that plots Fourier transform infrared
spectroscopy (FTIR) spectra of multiple example composite
PPY films that were synthesized.

FIG. SA-5D comprise images illustrating contraction and
expansion of self-supported composite PPY films that were
synthesized.

FIG. 6 comprises multiple images extracted from video of
a self-supported composite PPY polymer film moving in
humaid atr.

FIG. 7 1s an image extracted from video of a seli-
supported composite PPY film moving in humid air with
metal weights applied to the film.

FIG. 8 1s a schematic illustration of the mechanism of
water attraction and repulsion 1mn a composite PPY (PPY-
PTS) film when exposed to humid air.

FIG. 9 1s a schematic illustration of the mechanism of
water attraction and repulsion in a further composite PPY
(PPT-PTS-graphene) film when exposed to humid air.
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FIG. 10 comprises multiple images of a composite PPY/
tape film resting on plastic roll and moving 1n the presence

of humid air.
FIGS. 11A and 11B schematically depict an electrical
switch comprising a composite conducting polymer film.

DETAILED DESCRIPTION

As described above, 1t would be desirable to have alter-
native conducting polymer films and alternative methods for
making them. Disclosed herein are examples of such films
and methods. In some embodiments, a flexible, composite
conducting polymer film 1s made of a composite polymer
that 1s formed using a conducting polymer, such as poly-
pyrrole (PPY), and one or more water-soluble polyanions. In
some embodiments, the composite polymer comprises
another component, such as graphene or molybdenum dis-
ulfide (MoS,). The various components of the composite
polymer can be mixed together in an aqueous solution and
clectrochemically deposited on a conductive substrate. Once
the composite conducting polymer film has been formed, 1t
can be transferred to a flexible, non-metallic substrate, 1f
desired. Unlike prior art processes, no undoping is required
and no non-aqueous solvents are necessary. The fabricated
composite conducting polymer can be used 1n various appli-
cations, including use 1n humidity sensors.

In the following disclosure, various specific embodiments
are described. It 1s to be understood that those embodiments
are example implementations of the disclosed inventions
and that alternative embodiments are possible. All such
embodiments are intended to fall within the scope of this
disclosure.

Disclosed herein are flexible, composite conducting poly-
mer {ilms that actuate (1.e., alternately expand and contract)
in the presence of humid air. In some embodiments, the
composite conducting polymer from which the films are
made comprises PPY in combination with one or more
water-soluble polyanions. Example water-soluble polyan-
ions that can be used, include sodium p-toluenesulionate
(PTS), poly(styrene p-styrene sulfonate) (PSS), polyvinyl
alcohol (PVA), polyacrylic acid (PAA), polyol(pentaeryth-
ritol ethoxylate) (PE), polyaniline (PANI), polyethelyne
dioxythiophene (PEDOT), poly(dimethyl ammonium chlo-
ride) (PDMA), poly(acryl amino methyl propose sulfonate)
(PAMPS), sodium salt of polymethacrylic acid (NaPMA),
sodium salt of poly(L-lysine citra-mide imide) (NaPLCAI),
poly(maleic anhydnde-styrene) copolymer, poly(4-styrene-
sulfonic acid-co-maleic acid) sodium salt (NaSACMA),
sodium salt of poly(L-lysine citramide) (NaPLCA), and
copolymers thereof. FIG. 1 illustrates the chemical struc-
tures of the above-identified polyanmions.

One or more of these polyanions can be added to an
aqueous solution along with PPY 1n order to electrochemi-
cally synthesize a composite PPY film. In some embodi-
ments, two or three of these polyanions can be combined to
form a composite PPY film having highly desirable charac-
teristics. In addition to one or more polyanions, other
components can be added to the composite. For example,
graphene or a graphene-based maternal can be added to the
aqueous solution. As another example, MoS,, can be added
to the aqueous solution. In some embodiments, the synthe-
sized film, 1rrespective of its composition, can be approxi-
mately 20 nm to 10 um thick.

Various composite conducting polymer films were syn-
thesized and evaluated. Initially, thuin PPY films containming
one, two, or more polyanions were characterized using
Fourier transform infrared spectroscopy (FTIR) and scan-
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ning electron microscope (SEM) techmiques. The quality of
the films was dependent upon the type of polyanion or
combinational polyanions present in the composite PPY
films. Images were captured of each synthesized film. The
composite PPY films containing PAA and PE were found to
have shiny surface properties.

The composite PPY films that comprised two or more
polyanions were found to alternately contract and expand
faster than composite PPY films contaiming only one poly-
anion. For example, composite PPY films containing
PE+PTS+PAA as well as PVA+PTS+PAA exhibited superior
contraction and expansion response with humid air. The
composite PPY films synthesized with multiple polyanions
were found to be flexible and lustrous (1.e., that state or
quality of shinning by retlection of light). When the com-
posite PYY films were undoped, either electrochemically or
chemically (NaOH or aqueous ammoma), the films exhib-
ited reduced flexibility.

FI1G. 2 shows multiple example composite PPY films that
were electrochemically synthesized using an electrolytic
polymer. FIG. 3 shows SEM 1mages of composite PPY films
made using PTS, PTS+graphene, and PTS+graphene+PVA.
The composite PPY films containing PTS exhibited a lay-
ered structure, while the composite PPY films containing
PTS+graphene exhibited a nano-flake structure due to the
presence of the graphene. The presence of PVA changed the
pattern, however, and the composite PPY films containing,
PTS, PVA, and graphene had a rougher surface than com-
posite PPY films containing PIS and graphene. In fact, a
cross-linking interpenetrating polymer network was formed
in electrochemical systems with film deposited at current
density of 10 mA/cm”.

FIG. 4 shows the FTIR spectra of composite PPY poly-
mers that include PTS, PTS+PAA, PAA, and PTS+graphene.
The NH vibration at 3400 cm™" is suppressed in the com-
posite PPY film due to the presence of PAA. The stretching,
vibration at 1560 cm™" and asymmetric vibration at 1430
cm™' resulted from the presence of different anions. The
graphene peak of 1760 cm™' is present in the composite PPY
film of Curve 4. Characteristic peaks of 1200 cm™" and 840
cm™" are also present in the composite PPY films.

As noted above, the composite PPY films expand and
contract in the presence of humid air. This characteristic was
tested. Initially, a hali-filled beaker containing water was
heated to approximately 70 to 90° C. and was covered with
filter paper upon which the composite PPY film was placed.
FIG. § shows alternating contraction and expansion of
self-supported composite PPY films. When contracting, the
films curl up on themselves. When expanding, the firms
uncurl and flatten out. The films shown 1 FIG. § were
deposited on a conductive substrate and then removed from
the substrate using “transparent” adhesive tape. In FIGS. 5A
and 3B, one can observe the contraction and expansion of
self-supported PPY+PTS and PPY+PVA films. In FIG. 5C,
a composite PPY film adhered to transparent adhesive tape
1s shown with two of 1its sides bending upward due to the
presence of humid air. In FIG. 5D, a metal weight has been
applied to one end of the composite PPY film to hold 1t 1n
place.

For PPY+PTS films, water molecules are attracted to PTS
due to the SO, 10ns as well as the NH group present 1n the
composite PPY structure. The humid air 1s subsequently
repelled, enabling water molecules to be expelled due to the
weak bond of water either with PTS or the NH group of the
composite PPY structure.

FIG. 6 shows the movement of self-supporting composite
PPY+PTS films in the presence of humid air. Water was
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heated to approximately 70 to 90° C. 1n a beaker, which was
covered by the filter paper. Immediately upon being placed

on the filter paper, the composite PPY+PTS composite film
randomly moved over the filter paper due to attraction of
humid air with NH and sulfonate groups in the composite
PPY+PTS polymer. FIG. 7 shows the movement of a
PPY+PTS film on transparent adhesive tape in humid air
when weights (pieces of metal foil) are applied to two ends
of the film. The PPY+PTS film was able to lift the weight
due to expansion and contraction in the presence of the
humaid air.

FIG. 8 1illustrates the mechanism of water attraction and
repulsion due to humid air n a PPY+PTS film. Water
molecules become attracted to the film due to presence of
oxygen bonds 1n the PTS as well as NH groups present 1n the
PPY conducting polymer. The water swells the polymer
structure and causes 1t to expand. When the polymer struc-
ture expands, the water molecules are repelled and there 1s
sudden contraction. When such a process occurs, there 1s an
equilibrium formed 1n which the contraction and expansion
1s regulated for longer periods of time so that the film has not
swelled with the water molecules.

FIG. 9 illustrates water attraction and repulsion due to
humid air 1n a PPY-PTS-graphene film. Graphene 1s 1n an
oxidized form when 1t 1s polymerized with the pyrrole
monomer to produce the composite PPY-PTS-graphene film.
Interestingly, the electrochemically synthesized PPY-PTS-
graphene film exhibited enhanced contraction and expansion
in the presence of humid air. The water molecules easily
interact with the —COOH groups besides the oxygen bonds
in the PTS. When fabricated using larger current densities
(e.g., 5 mA/cm” and higher), the film easily oxidizes the
graphene, revealing the attraction to the water molecules due
to the OH as well as the COOH groups.

It can be understood that the PTS and oxidized graphene
both have negatively charged oxygen in their structures,
which 1s responsible for the interaction with the water
molecules. The electronegativity of oxygen in PTS and
oxidized graphene creates the dipole of water molecule
where oxygen 1s electronegative and hydrogen 1s electro-
positive creating the weak van der Waal forces between
oxygen and water molecules. The presence of the —INH
group, which 1s hydrophilic in nature, also makes for favor-
able conditions for the water molecules to absorb. The
contraction in the film weakens the Van der Waal forces, and
water molecules detach. The process repeatedly continues so
long as there 1s a supply of steam. The expansion and
contraction can be minimal with the saturation of water
molecules to the composite PPY film.

Example Fabrication Methods

Example 1: Composite PPY films were synthesized using
an electrochemical cell containing two electrodes. An
indium tin oxide (ITO) coated glass plate was used as a
working eclectrode and a platinum mesh was used as a
counter electrode. A current density of approximately 1 to 10
mA/cm” was applied for approximately 1 to 60 minutes to
obtain various thicknesses of composite PPY films. It was
observed that the films formed using a current density of
approximately 10 mA/cm* exhibited wrinkles and uneven
surfaces, whereas films formed using a current density of
approximately 1 to 2 mA/cm* were smooth. In both cases,
free-standing, selif-supporting flexible films were synthe-
s1zed by optimizing the time from approximately 30 minutes
to 1 hour. The composite PPY films containing PVA, PSS,
PAA, graphene, graphene oxide, etc. were electrochemically
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synthesized 1n water. The concentration of monomer and
different electrolytes used are given below to synthesize the
composite PPY {ilms:

1. Pyrrole (0.1M to 1M), PTS (0.5M)

2. Pyrrole (0.1M to 1M), PTS (0.25M), PVA (0.25) to
deposit PPY/PVA composite)

3. Pyrrole (0.1M to 1M), PVA (0.25M), PTS (0.25)

4. Pyrrole (0.1M to 1M), PTS (0.25M), graphene (1/10th
rat1o of monomer) to deposit graphene (SG) and PPY (PPY)

5. Pyrrole (0.1M to 1M), PTS (0.25M), PAA (0.25)

6. Pyrrole (0.1M to 1M), PE (0.1-0.50 M

7. Pyrrole (0.1M to 1M), PTS (0.1 to 0.5M), removed to
scotch (time of deposition was 1 minutes to 20 minutes)

8. Pyrrole (0.1M to 1M), PTS (0.25M), PAA (0.25M)
layer

9. Pyrrole+PTS (0.1 to 0.5M) and layer of PEDOT+PSS
over using EDOT (0.1IM)+PSS (2 mg/ml)+PTS (0.25M)

Example 2: Composite PPY films were electrolytically
deposited on ITO or metal substrates using an aqueous
solution containing pyrrole monomer and various polyan-
ions or other materials 1n deiomzed water. The composite
PPY film was deposited with a current density of approxi-
mately 1 to 10 mA/cm” for approximately 1 to 30 minutes
on ITO-coated glass, or platinum or steel substrates. The
composite PPY film was then removed from its substrate by
simply placing adhesive tape (transparent or metal adhesive
tape) over the film. Once removed, the composite PPY film

was prepared to be transferred to other substrates.
Example 3: A solution of 0.2M aniline and 1M HCI was

used to deposit a PANI film on a PPY/ITO substrate. The
PANI film was deposited 1n an electrochemical cell com-
prising the PPY/ITO substrate as the working electrode and
a steel plate as the counter electrode at a potential of 1.2 V.
The PANI film was washed with water and kept dry using
nitrogen gas or by simply blowing air over 1t. Once 1t was
apparent that there was no visible water on the film, the film
was covered by flexible, transparent adhesive tape. The
upper surface of the tape was rubbed gently to remove any
air trapped between the film and the tape. Attempts were also
made to remove the air using a vacuum pump while the
sample was sitting 1n a vacuum oven. The composite PPY/
PANI film was then removed from the surface. FIG. 5§ shows
the PPY/PANI film on the transparent adhesive tape.

Similarly, PEDOT+PSS was electrochemically deposited
over composite PPY 1n a water solution containing EDOT
monomer and PSS electrolyte. A current density of approxi-
mately 2 mA/cm” was applied for approximately 30 minutes
to deposit a PEDOT film over composite PPY surface. The
composite PPY/PEDOT film was removed from the trans-
parent adhesive tape.

Example 4: PPY+PTS+MoS, films were synthesized at
current density of 1-10 mA/cm” for 1-60 minutes to obtain
various thicknesses of composite conducting polymer films.
The solution for electrochemical deposition was maintained
using pyrrole (0.1M to 1M), PTS (0.25M), and MoS, (1 to
1/10” ratio of pyrrole monomer). The MoS, is hydrophobic
maternal so nearly 0.05 gm of cationic surfactant, cetyltrim-
cthylammonium bromide (CTAB) was used to homog-
enously disperse the MoS, in electrochemical solution.

Attempts were made to understand the expansion and
contraction of the composite PPY+PTS+MoS, films due to
humid air. Water molecules become attracted to the oxygen
bond in PTS as well as the NH group present in composite
PPY conducting polymer. The humid air swells the polymer
structure and enables i1t to contract. Because the MoS, 1s
hydrophobic, 1t enables expulsion of the water molecules
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and enhances the expansion and contraction process in the
composite conducting polymer film.
Applications:

As mentioned above, the composite conducting polymers
of the present disclosure can be used 1n various applications.
One such application 1s humidity sensors. In particular,
composite conducting polymer films can be used to form
clectrical switches that that can be actuated by a threshold
humidity within the ambient air or gas.

FIGS. 11A and 11B 1illustrate such an application. As
shown 1n these figures, an electrical switch 10 of an elec-
trical circuit, which may comprise part of a humidity sensor,
comprises a first electrical conductor 12, a second electrical
conductor 14, and a composite conducting polymer film 16
that 1s coupled (e.g., attached) to the first electrical conduc-
tor. In a first state of the switch 10 shown 1n FIG. 11A, the
film 16 does not make contact with the second electrical
conductor 14, 1n which case the circuit 1s open. This state
can, for example, be associated with a humidity level in the
ambient environment below a threshold of a humidity sen-
sor. In a second state of the switch 10 shown 1n FIG. 11B,
the film 16 has contracted (curled inward), for example, in
response to the humidity in the ambient environment reach-
ing or exceeding the threshold, and therefore makes contact
with the second electrical conductor 14, in which case the
circuit 1s closed. When the ambient humidity falls below the
threshold, the film 16 can return to 1its initial state shown 1n
FIG. 11A (open circuit). Accordingly, the state of the switch
10 can be correlated to a humidity level by the humaidity
SENSor.

In the humidity sensor application, the composition and/
or properties of the composite conducting polymer film 16
can be tailored to ensure actuation of the film at the desired
humidity level.

The mvention claimed 1s:

1. A method of forming a composite polymer film, the
method comprising:

forming an aqueous solution containing pyrrole mono-

mers and one or more water-soluble polyanions that
function as an electrolyte, the one or more water-
soluble polyanions being selected from the group
including one or more of poly(sodium para toluene
sulfonate) (PTS), poly(styrene p-styrene sulfonate)
(PSS), polyvinyl alcohol (PVA), polyacrylic acid
(PAA), polyol(pentaerythritol ethoxylate) (PE), polya-
niline (PANI), polyethylene dioxythiophene (PEDOT),
poly(dimethyl ammonium chloride) (PDMA), poly
(acryl amino methyl propose sulfonate) (PAMPS),
sodium salt of polymethacrylic acid (INaPMA), sodium
salt of poly(L-lysine citra-mide imide) (NaPLCAI),
poly(maleic anhydride-styrene) copolymer, poly(4-sty-
renesulfonic acid-co-maleic acid) sodium salt (Na-
SACMA), sodium salt of poly(L-lysine citramide)
(NaPLCA), and copolymers thereof, wherein the solu-
tion comprises no non-aqueous solvents and no other
clectrolytes;

providing the aqueous solution 1n an electrochemaical cell;

providing a working electrode and a counter electrode

within the aqueous solution 1n the electrochemical cell;
applying a current to the aqueous solution so as to
clectrochemically deposit a composite polypyrrole film
on the working electrode that comprises the polypyr-
role and the one or more water-soluble polyanions; and
transierring the composite polypyrrole film from the
working electrode to a piece of adhesive tape.

2. The method of claim 1, wherein the aqueous solution

contains at least two water-soluble polyanions.
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3. The method of claim 1, wherein the aqueous solution
turther contains graphene and the composite polymer film 1s
a composite ol polypyrrole, the one or more water-soluble
polyanions, and graphene.

4. The method of claim 1, wherein the aqueous solution 53
turther contains molybdenum disulfide (MoS,) and the
composite polymer film 1s a composite of polypyrrole, the
one or more water-soluble polyanions, and MoS,.

5. The method of claim 1, wherein the composite poly-
pyrrole film has a thickness of approximately 20 nanometers 10
to 10 microns.

6. The method of claim 1, wherein the aqueous solution
turther contains a second conducting polymer and the com-
posite polymer film 1s a composite of polypyrrole, the
second conducting polymer, and the one or more water- 15
soluble polyanions.

7. The method of claim 6, wherein the second conducting
polymer 1s polyaniline (PANI).

8. The method of claim 6, wherein the second conducting
polymer 1s poly(3,4-ethylenedioxythiophene) (PEDOT). 20
9. The method of claim 1, wherein applying a current to
the aqueous solution comprises applying the current to the
aqueous solution at a current density of approximately 1 to

10 mA/cm”.

10. The method of claiam 9, applying a current to the 25
aqueous solution comprises applying the current to the
aqueous solution for approximately 1 to 60 minutes.
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